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CHAPTER I
INTRODUCTION
A number o f  s tu d ie s  have been  made c o n c e rn in g  th e  r a t e  o f  
h y d ro ly s is  o f  p y ro p h o sp h a te  to  o r th o p h o sp h a te .
P jO ^ A h ^ O  = 2HP0^-2 
The e a r l i e s t  o f  th e s e  s tu d ie s  have shown t h a t  th e  r a t e  o f  h y d r o ly s is  o r  
aqueous r e v e r s io n  i s  d i r e c t l y  p r o p o r t io n a l  to  th e  c o n c e n tr a t io n  o f  th e  
r e a c t a n t ,  p y ro p h o sp h a te  (1 , 1 3 ) .  On t h i s  b a s i s  r a t e  c o n s ta n ts  have 
been  c a lc u la te d  f o r  t h i s  r e a c t io n  from  th e  law s o f  f i r s t - o r d e r  chem ica l 
k i n e t i c s .  I t  h a s  a ls o  been  shown t h a t  an  in c r e a s e  i n  te m p e ra tu re  o r  
hydrogen  io n  a c t i v i t y  in c r e a s e s  idie r a t e  a t  w hich th e  r e a c t io n  p ro ce ed s  
(5 , 15, 20, 21).
O s te rh e ld  s tu d ie d  th e  r a t e s  o f  h y d r o ly s is  o v e r  a  w ide pH i n t e r v a l  
from  6 .7 ^  to  0 . 38 . A p l o t  o f  th e  r a t e  c o n s ta n ts  v e rs u s  pH showed a 
d e f i n i t e  s te p w ise  dependence o f  r a t e  on th e  hydrogen  io n  a c t i v i t y  i n  
t h i s  ra n g e . Ekiphasis was p la c e d  on th e  r o l e  o f  in d iv id u a l  a c id  p y ro ­
p h o sp h a te  s p e S x ^  and "ü ie ir  in d iv id u a l  c o n tr ib u t io n  a t  v a r io u s  pH* 3 to  
■Üie o v e r a l l  r a t e  o f  h y d r o ly s i s .  I o n iz a t io n  c o n s ta n ts  and r a t e  c o n s ta n ts  
w ere c a lc u la te d  f o r  th e  s p e c ie s ,  , H^PgO^” , and HP^O^”^ ,
a t  60.03°C  and e v id e n c e  f o r  th e  e x is te n c e  o f  an  H^P^O^"'’ s p e c ie s  i n  th e  
h ig h e s t  hydrogen  io n  a c t i v i t y  r e g io n s  was shown w ith  r a t e  and io n iz a ­
t i o n  c o n s ta n ts  c a lc u la t e d  f o r  t h i s  io n  (1 6 ) ,
A lthough  o th e r  w o rk e rs  re c o g n iz e d  th e  in v o lv em en t o f  in d iv id u a l  
a c id  s p e c ie s ,  none gave r e c o g n i t io n  to  th e  p o s s ib le  e x is te n c e  o f  a
1
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h ig h e r  s p e c ie s  (4 , 14» 15)» n o r  to  th e  s te p p e d  shape o f  th e  cu rv e  
showing th e  dependence o f  r a t e  on pH. Cam pbell and K i lp a t r i c k  made a  
s e r i e s  o f  ru n s  w i th in  t h i s  pH ra n g e  from  w hich a  s te p p e d  cu rv e  c o u ld  
have been  r e a l i z e d ;  e x p e r im e n ta l c o n d i t io n s  o v e r a  w ide enough ra n g e  
w ere n o t  k e p t u n ifo rm , however ( 4 ) ,  A lthough M cG ilvery and G row ther 
o b ta in e d  s e v e ra l  p o in t s  u n d e r u n ifo rm  c o n d i t io n s ,  t h e i r  p o in ts  w ere  so 
w id e ly  d i s t r i b u t e d  t h a t  a  p l o t  o f  t h e i r  d a ta  sh o w ^  a  smooth c u rv e  
r a t h e r  th a n  th e  t r u e  s te p p e d  shape (1 4 ) ,
The o b je c t  o f  o u r r e s e a r c h  h a s  been  to  c o n tin u e  th e  work o f  
O s te rh e ld  in to  a s  h ig h ly  a c id  r e g io n s  a s  e x p e r im e n ta l  c o n d it io n s  
a llo w ed  in  o rd e r  to  fo l lo w  th e  r a t e  in c r e a s e  w ith  in c r e a s in g  hydrogen  
io n  a c t i v i t y ,  and to  d e te rm in e  w hat f u r t h e r  i n t e r a c t i o n s  betw een 
hydronium  io n s  and h ig h e r  p y ro p h o sp h a te  s p e c ie s  ta k e  p la c e .
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^,7HgO a t  a  pH o f  3*8 i s  s lo w ly  added to  th e  sam ple and a g i t a t e d  f o r
CHAPTER I I
EXPERIMENTAL PROCEDURE
A. METHOD OF ANALYSIS 
B e l l ’ s m ethod o f  a n a ly s i s  was u se d  to  d e te rm in e  idle p y ro p h o sp h a te  
c o n c e n tr a t io n  ( 3 ) .  T h is  m ethod makes u se  o f  th e  f a c t  t h a t  a t  a  pH o f
3 .8  and a  te m p e ra tu re  o f  a p p ro x im a te ly  25®C n e a r ly  com plete  p r e c i p i t a ­
t i o n  o f  ZhgPgOy i s  e f f e c t e d .  An a l i q u o t  c o n ta in in g  th e  p y ro p h o sp h a te  
i s  a d ju s te d  to  a  pH o f  3*8 a t  room te m p e ra tu re .  A 1 2 .5 ^  s o lu t io n  o f  
ZnSO
2 to  3 m in u te s . D uring  t h i s  tim e  th e  Zn^P^O^ p r e c i p i t a t e s ,  th u s  
l i b e r a t i n g  hydrogen  io n s  and in c r e a s in g  th e  a c i d i t y  o f  th e  s o lu t io n .
The amount o f  a c id  l i b e r a t e d  i s  d e te rm in e d  by  t i t r a t i o n  back to  a  pH o f
3 .8  w ith  a  s ta n d a rd iz e d  s o lu t io n  o f  a p p ro x im a te ly  O.IN NaOH. The 
number o f  e q u iv a le n ts  o f  p y ro p h o sp h a te  rem a in in g  i n  s o lu t io n  i s  
d e te rm in e d  from  t h i s  t i t e r  v a lu e .
S e v e ra l m o d if ic a t io n s  o f  B e l l ’ s  a n a ly s i s  had  to  be made to  o v e r ­
come d i f f i c u l t i e s  e n c o u n te re d  i n  h ig h ly  a c id  r e g io n s  w here th e  o v e r a l l  
io n ic  s t r e n g th  was h ig h .  When c o n c e n tra te d  NaOH was u se d  to  i n i t i a l l y  
a d ju s t  pH in  th e  c o n c e n tra te d  HCIO^ r u n s ,  i t  was found t h a t  c o n s ta n t  
d r i f t i n g  o f  th e  pH m e te r  o c c u r r e d . When KOH was u se d  to  a d ju s t  -Uie 
i n i t i a l  pH, KCIO^ p r e c i p i t a t e d  o u t ,  th e re b y  re d u c in g  th e  io n ic  s t r e n g th  
and overcom ing t h i s  d i f f i c u l t y  o f  e le c t r o d e  s e n s i t i v i t y .  No a p p a re n t  
e f f e c t  on th e  p y ro p h o sp h a te  a n a ly s i s  was o b se rv ed  w ith  th e  KCIO^
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p r e c i p i t a t e  p r e s e n t  and th u s  no a t te m p t  was made to  remove i t  from  
s o lu t io n  p r i o r  to  a n a l y s i s .  I t  was fo u n d , how ever, t h a t  w ith  l a r g e
q u a n t i t i e s  o f  KCIO, p r e s e n t ,  th e  p e r io d  a llo w e d  f o r  m ix ing  th e
4"
s o lu t io n  a f t e r  a c i d i t i o n  o f  ZnSO^  ̂ had  to  be  ex te n d ed  to  7 to  10 m in u te s  
to  in s u r e  com plete  p r e c i p i t a t i o n  o f  Zn^P^Oy.
I n  a d d i t io n ,  i t  was found  t h a t  i n i t i a l  p y ro p h o sp h a te  c o n c e n tr a t io n  
i n  a  ru n  shou ld  n o t  exceed  0,03M, Above t h i s  c o n c e n tr a t io n ,  a s  th e  
r e v e r s io n  o f  p y ro p h o sp h a te  p ro c e e d e d , o r th o p h o sp h a te  c o n c e n tr a t io n s  
w ere re a c h e d  t h a t  cau sed  a  f l o c c u le n t  p r e c i p i t a t e  c o n ta in in g  o r th o ­
p h o sp h a te  to  a p p e a r d u r in g  th e  p y ro p h o sp h a te  t i t r a t i o n .  A cid l i b e r a t e d  
d u r in g  t h i s  p r e c i p i t a t i o n  l e d  to  e r ro n e o u s ly  h ig h  p y ro p h o sp h a te  v a lu e s .  
S y n th e tic  p y ro p h o sp h a te -o r th o p h o sp h a te  m ix tu re s  w ere p re p a re d , b a se d  on 
an i n i t i a l  p y ro p h o sp h a te  c o n c e n tr a t io n  o f  0.03M, w hich r e p re s e n te d  
v a r io u s  s ta g e s  i n  th e  h y d r o ly s is  p r o c e s s .  These w ere a n a ly z e d  f o r  
p y ro p h o sp h a te  and a  c o r r e c t io n  c u rv e . F ig u re  1 , was p l o t t e d ,  1die 
c o r r e c t io n  to  be s u b t r a c te d  from  each  o f  t h e  a n a l y t i c a l  d e te rm in a tio n s  
o f  p y ro p h o sp h a te . S e v e ra l  e x p e rim e n ts  w ere made to  d e te rm in e  th e  
e f f e c t  on th e s e  c o r r e c t io n s  o f  in c r e a s e d  p e r c h lo r a te  s a l t  c o n c e n tr a t io n s  
p r e s e n t  d u r in g  a n a ly s i s  due to  in c r e a s e d  p e r c h lo r ic  a c id  c o n c e n tr a t io n  
i n  th e  k i n e t i c  sa m p le s . No s i g n i f i c a n t  e f f e c t s  w ere o b se rv e d .
B. CHOICE OF ACID
In  ch o o sin g  an  a c id  to  a d ju s t  th e  hydrogen  io n  a c t i v i t y  o f  the  
k i n e t i c  sam ples a t t e n t i o n  was g iv en  to  th e  a n io n  o f  th e  a c id  and  th e  
a c t i v i t y  o f  hydrogen  io n  i n  more c o n c e n tra te d  a c id  s o lu t io n s .  I n  a  
s e r i e s  o f  p y ro p h o sp h a te  a n a ly s e s  on s o lu t io n s  a l s o  c o n ta in in g  HCl,
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HNO^, H^SO^, and HClOj^, th e  l e a s t  i n t e r f e r e n c e  was o b ta in e d  w ith  HCIO^ 
i n  s o l u t io n .  S in ce  t h i s  i s  a l s o  th e  s t r o n g e s t  a c id ,  th e  d e g re e  o f  
d i s s o c i a t i o n  b e in g  h ig h  even i n  h ig h ly  c o n c e n tra te d  s o lu t io n s ,  i t  was 
th e  m ost d e s i r a b l e  to  a d ju s t  th e  hydrogen  io n  a c t i v i t y ,
G. DETERMINATION OF HYDROGEN ION ACTIVITY
In  re g io n s  g r e a t e r  th a n  pH 0 th e  hydrogen  io n  a c t i v i t y  was m easured  
w ith  a Beckman m odel G pH m e te r , c o r r e c t in g  f o r  th e  te m p e ra tu re  a t  
w hich th e  h y d r o ly s is  was c a r r i e d  o u t .  T h is in s tru m e n t  was a ls o  u sed  
i n  a d ju s t in g  pH d u r in g  an  a n a l y s i s .  In  r e g io n s  o f  pH l e s s  th a n  0 
(n e g a t iv e  pH v a lu e s ) ,  th e  hydrogen  io n  a c t i v i t y  was d e te rm in ed  from  th e  
p e r c h lo r ic  a c id  c o n c e n tr a t io n s  and from  th e  d a ta  o f  R obinson and B aker 
(9 , 17» 1 8 ) .  T h e ir  d a ta  s u f f i c i e n t l y  ex ten d ed  i n to  r e g io n s  w here 
c a lc u la te d  and m easured  pH v a lu e s  co u ld  b e  compared and agreem ent 
found .
D. APPARATUS
A l a r g e  c o n s ta n t  te m p e ra tu re  b a th  c o n s i s t in g  o f  a  copper ta n k  
im bedded in  v e rm ic u l i te  i n s u l a t i o n ,  a  w a te r  l e v e l i n g  d e v ic e , m ech an ica l 
s t i r r e r ,  and h e a t in g  e le m e n ts , was b u i l t .  The te m p e ra tu re  o f  th e  b a th  
was m a in ta in e d  by  th e  u se  o f  a  500 w a t t  c o n tin u o u s  h e a te r  a t ta c h e d  to  a  
v o l ta g e  r e g u l a to r ,  and a  100 w a t t  h e a te r  c o n t r o l le d  by a  m ercury  
r e g u l a to r  co n n ec ted  t h r o u ^  an  e l e c t r o n i c  r e l a y .  I t  was found  t h a t  a 
te m p e ra tu re  o f  a p p ro x im a te ly  400c would a llo w  e x p e r im e n ta tio n  o v e r  a  
w ide pH ra n g e . The b a th  te m p e ra tu re  was h e ld  c o n s ta n t  a t  3 9 .^ 3 ^ .03°C 
and a l l  ru n s  made i n  t h i s  te m p e ra tu re  ra n g e . G la ss  w e l ls  w ere
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suspended  i n  th e  ba"Ui to  h o ld  p i p e t s  w hich had  been  c a l ib r a t e d  a t  b a th  
te m p e ra tu re . A lso i n  th e  b a th  w ere c a l i b r a t e d  f l a s k s  i n  w hich r e a c t io n  
m ix tu re s  o f  p y ro p h o sp h a te , w a te r ,  and I I . 76N HC104 ( s ta n d a rd iz e d  a t  
b a th  te m p e ra tu re ) ,  w ere p re p a re d  a t  b a th  te m p e ra tu re , and  f l a s k s  o f
I I . 76N HC104 and d i s t i l l e d  w a te r ,
E , DESICaJ OF RUNS
I n  p re p a r in g  a  ru n  a l l  f l a s k s ,  p i p e t s ,  and s o lu t io n s  w ere b ro u g h t 
to  b a th  te m p e ra tu re . I n  ru n s  w here HCIO -̂ c o n c e n tr a t io n s  w ere low  
a p p ro x im a te ly  8 .2  grams o f  Na^P^O^ w ere d is s o lv e d  i n  d i s t i l l e d  w a te r  
and b ro u g h t to  b a th  te m p e ra tu re  and enough w a te r  added to  b r in g  s o lu ­
t i o n  up to  250 m l. m ark. One hundred  and tw e n ty - f iv e  ml o f  t h i s  
s o lu t io n  w ere  p ip e te d  i n to  a  se p a ra te  c le a n  250 m l. f l a s k ,  th e  d e s i r e d  
q u a n t i ty  o f  HCIO^ added , and enough w a te r  to  b r in g  s o lu t io n  up to  th e  
m ark . T h is s o lu t io n ,  now n e a r ly  O.O3M i n  Na^P^Oy, was q u ic k ly  m ixed by 
draw ing  i t  up and down s e v e r a l  t im e s  i n  a  p i p e t ,  A 25 m l, a l i q u o t  was 
im m ed ia te ly  removed f o r  a n a l y s i s .  S in ce  g e t t i n g  th e  r a t e  c o n s ta n t  from  
th e  s lo p e  o f  c o n c e n tr a t io n  v e rs u s  tim e  do es n o t  depend upon i n i t i a l  
c o n c e n tr a t io n ,  a  s h o r t  tim e  c o u ld  b e  a llo w ed  to  l a p s  d u r in g  m ix in g , 
t h i s  tim e  becom ing more c r i t i c a l  a s  th e  a c i d i t y  was in c r e a s e d .
In  p re p a r in g  f o r  a  ru n  i n  c o n c e n tra te d  HCIO^ r e g io n s  a p p ro x im a te ly  
2 0 .5  grams o f  Na^P^Oy w here w eighed o u t  and d is s o lv e d  i n  d i s t i l l e d  
w a te r  to  make 250 m l, o f  s o lu t io n  a t  b a th  te m p e ra tu re . The d e s i r e d  
q u a n t i ty  o f  HClOj^ was m easured  a t  b a th  te m p e ra tu re , co o led  in  an  i c e  
b a th  and a  50 m l, a l i q u o t  c o n ta in in g  4 ,1  grams o f  Na^P^Oy added . P r io r  
c o o lin g  o f  th e  HClOj^ was n e c e s s a ry  to  a v o id  an  in c r e a s e  i n  te m p e ra tu re
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f a r  above 39.43°G on m ix ing  due to  th e  h e a t  ev o lv ed  upon HCIO^ d i l u t i o n .  
The ap p ro x im ate  d e s i r e d  q u a n t i ty  o f  H^O a ls o  a t  b a th  te m p e ra tu re  was 
added to  make up n e a r ly  th e  rem a in d e r  o f  s o lu t io n .  T h is  m ix tu re  was 
r a p id ly  b ro u g h t to  b a th  te m p e ra tu re  and th e  rem a in in g  sm a ll q u a n t i ty  o f  
w a te r  n e c e s s a ry  to  b r in g  th e  s o lu t io n  up to  ih e  mark was added .
In  r e g io n s  o f  low  hydrogen  io n  a c t i v i t y ,  a l i q u o t s  w ere removed 
from  th e  b a th  and c o o le d  a s  q u ic k ly  a s  p o s s ib le  i n  an i c e  b a th .  The pH 
was im m ed ia te ly  a d ju s te d  w ith  KOH to  a p p ro x im a te ly  6 .0  o r  g r e a t e r  and 
th e  m ix tu re  b ro u g h t to  room te m p e ra tu re  f o r  a n a l y s i s .  In  r e g io n s  w here 
th e  hydrogen  io n  a c t i v i t i e s  w ere l a r g e ,  cubes o f  i c e  c o n ta in in g  a p p ro x i­
m a te ly  50 m l. o f  d i s t i l l e d  w a te r  w ere p la c e d  in. b e a k e rs  and a l i q u o t s  o f  
sam ple p ip e te d  o v e r them  f o r  im m ediate  c o o l in g .  A s a tu r a te d  s o lu t io n  
o f  KOH was added d ro p w ise  v jith  c o n s ta n t  s t i r r i n g  u n t i l  th e  pH was 
g r e a te r  th a n  6 .0 .  The sam ple was th e n  a llo w ed  to  come to  room tem p er­
a tu r e  f o r  a n a ly s i s .
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CHAPTER I I I
EXPERIMENTAL RESULTS
A p l o t  o f  lo g  M v e rs u s  tim e  i n  h o u rs  was made f o r  each ru n . In  
e v e ry  c a se  t i l l s  p l o t  was a  s t r a i ^ t  l i n e  w i th in  e x p e r im e n ta l e r r o r .  The 
s lo p e  o f  t h a t  l i n e  was u se d  to  c a l c u l a t e  th e  o v e r a l l  r a t e  c o n s ta n t  a t  
t h a t  p a r t i c u l a r  hydrogen  io n  a c t i v i t y .  These d a ta  a r e  p re s e n te d  in  
T able  I  and F ig u re  2 . The l i n e a r  p l o t s  o f  lo g  M v e rs u s  tim e  showed t h a t  
o v e r  th e  ran g e  o f  p e r c h lo r ic  a c id  c o n c e n tr a t io n s  s tu d ie d  h e re  (up to  
12 .60m ), th e  p y ro p h o sp h a te  r e v e r s io n  fo l lo w s  th e  law s o f  f i r s t  o rd e r  
chem ica l d ecay .
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TABLE I
EXPERIMENTAL FIRST-ORDER RATE CONSTANTS
pH
Hydrogen Io n  
A c t iv i ty
R ate  C o n s ta n ts  
H r . - l
+ 3 .40 3 .9 8 x10 -4 .000668
+ 2,17 6 .7 6 x 1 0 -2 .00114
+ 1 .03 9 .33x10 -1 .00512
+ 0.60 2 .48x10 -1 .0140
+0 .37 4 .2 6 x10 -1 .0361
+ 0.08 8 .2 3 x 1 0 -1 .122
+ 0 .02 9 .5 2 x 1 0 -1 .169
-0 .1 5 1 .4 4 .246
-0 .3 9 2 .4 4 .416
-0 .4 6 2 .9 0 .500
-0 .5 6 3 .5 9 .568
- 0 .6 4 4 .3 5 .683
-0 .7 4 5 .4 7 .817
-0 .8 1 6 ,4 4 1 .0 3
-0 .9 2 8 .2 6 1 .1 5
-0 .9 9 9 .7 5 1 .2 5
-1 .0 9 1 2 .2 1 .4 1
-1 .2 5 1 7 .8 1 .9 9
-1 .4 2 2 6 .1 2 .7 1
-1 .6 6 4 5 .4 3 .39
- 1 .7 4 5 4 .5 3 .8 8
-1 .9 7 9 3 .8 4 ,7 1
-2 .5 2 328. 8 .5 2
-2 .7 6 573. 1 0 .9
-3 .1 6 1500 . 1 4 .8






0 .0 0 1
-1
pH
F ig u re  E x p e rim e n ta l f i r s t - o r d e r  r a t e  c o n s ta n ts
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CHAPTER IV
CALCULATION OF RATE AND IONIZATION CONSTANTS 
A. BACKGROUND
U n lik e  m ost p o ly b a s ic  a c id s  th e  s u c c e s s iv e  d i s s o c i a t i o n  c o n s ta n ts  
o f  p y ro p h o sp h o ric  a c id  do n o t  a l l  d i f f e r  c o n s id e ra b ly  from  one a n o th e r .  
The re a s o n  f o r  t h i s  i s  t h a t  p y ro p h o sp h a te  c o n s i s t s  o f  two o r th o p h o s ­
p h a te  t e t r a h e d r a  jo in e d  th ro u g h  a  common c o m e r .  In  a  p y ro p h o sp h o ric  
a c id  m o le c u le , t h e  f i r s t  p ro to n  may be  s p l i t  o f f  q u i te  e a s i l y  from  one 
o f  th e  t e t r a h e d r a .  L ik ew ise  a  second p ro to n  may come o f f  th e  second  
t e t r a h e d r o n  w ith  an e n e rg y  o f  s e p a r a t io n  n o t  g r e a t ly  d i f f e r e n t  from  th e  
f i r s t ,  A t h i r d  and f o u r th  p ro to n  may a ls o  be  s p l i t  o f f  from  th e  
t e t r a h e d r a .  These s t a g e s ,  how ever, w i l l  b e  v e ry  much w eaker due to  th e  
a t t r a c t i v e  f o r c e s  o f  th e  two n e g a t iv e ly  ch arg ed  ends o f  th e  m o le c u le . 
T ab le  I I  g iv e s  th r e e  in d e p e n d e n tly  d e te rm in e d  s e t s  o f  i o n iz a t io n  
c o n s ta n ts  f o r  th e  p y ro p h o sp h o ric  a c id  s p e c ie s ,
TABLE I I
IONIZATION CONSTANTS FOR PYROPHOSPHORIC ACID SPECIES
O s te r h e ld (1 6 ) A b b o tt and 
B ra y ( l )
M cG ilvery and 
C row ther (14)
H^P^Oy 1  X 1 0 " i
1  X 1 0 -2
2 .5  X 1 0 -0  
4 .0  X 10-J-O
1 .4  X 10“5t 
1 .1  X 10 -2  
2 .9  X 10-7  
3 .6  X 10-9
1 .0 7  X 10 -1  
7 .5 8  X 1 0 -3  
1 .4 5  X lO -o  
9 .8 1  X 1 0 -9
12
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I n  a d d i t io n  to  th e s e  fo u r  s p e c ie s ,  th e  m ole f r a c t i o n s  o f  w hich can  
b e  c a lc u la t e d  a t  v a r io u s  hydrogen  io n  a c t i v i t i e s ,  O s te rh e ld  found  t h a t  
i n  o rd e r  to  p e rm it  c a l c u l a t i o n  o f  in d iv id u a l  sp e c ie s*  r a t e  c o n s ta n ts  
c o n s i s t e n t  w ith  h i s  d a ta ,  th e  in t r o d u c t io n  o f  a  f i f t h  s p e c ie s  was 
n e c e s s a ry  ( l 6 ) .  T h is su g g e s te d  th e  p o s s i b i l i t y  t h a t  more h ig h ly  
p ro to n a te d  p y ro p h o sp h a te  s p e c ie s  m ig h t be  e n c o u n te re d  i n  more a c id
s o lu t io n s .  The o b se rv ed  r a t e  c o n s ta n t  a t  a  g iven  hydrogen  io n  a c t i v i t y
can th e n  be  c a lc u la t e d  from  e q u a tio n  1 ,
k (  c a lc u la t e d )  = k i x i  + k^x^ + kjî x̂ j, + k^x^
■ ^ 2 ^  ^1^1 + ^ 0 ^  ( l )
w here k ^ , k ^ , kj^, k ^ , k ^ , k^ and  k^ r e f e r  to  th e  in d iv id u a l  r a t e
c o n s ta n ts  f o r  th e  s p e c ie s ,  ^ 3^ 2^ ? ” ’
HPoOo”^ ,  P_Or,“^  and x , , x_., x, , x_ , x  , x  , x . , r e p r e s e n t  th e  m ole 
- c r  2 /  ^ t  4  3 2 1 0
f r a c t i o n s  o f  th e s e  s p e c ie s  a t  th e  hydrogen  io n  c o n c e n tr a t io n s  s tu d ie d .
The f i r s t - o r d e r  dependence o f  p y ro p h o sp h a te  r e v e r s io n  k i n e t i c s  on 
p y ro p h o sp h a te  c o n c e n tr a t io n  h a s  been  e s t a b l i s h e d  many t im e s .
- d c / d t  = kCPgO^”^ )  (2 )
The l i n e a r  p l o t s  o f  th e  lo g  o f  p y ro p h o sp h a te  m o la r i ty  v e rs u s  tim e  
o b ta in e d  f o r  a l l  o u r  ru n s  showed t h a t  t h i s  f i r s t - o r d e r  dependence 
e x te n d s  i n to  v e ry  a c id  s o l u t io n s .  The e q u a tio n  f o r  p y ro p h o sp h a te  
h y d r o ly s is  s u g g e s ts  th e  p o s s i b i l i t y  t h a t  th e  k i n e t i c s  depend a ls o  on 
w a te r  c o n c e n tr a t io n :
PgOy-^ H^O = 2HP0^-2 
Assuming a  f i r s t - o r d e r  dependence on i i ie  w a te r  c o n c e n tr a t io n  a s  w e l l ,  
th e  r a t e  e x p re s s io n  w ould b e  s e c o n d -o rd e r  o v e r a l l  :
^  = kg (HgO) (PgOy ) (3 )
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I n  a l l  p re v io u s  s tu d ie s  on th e  k i n e t i c s  o f  pyropho sp h a te  r e v e r s io n  
th e  r a t e  d e te rm in a t io n s  w ere c a r r i e d  o u t  i n  s o lu t io n s  w here th e  w a te r  
a c t i v i t y  rem ained  e s s e n t i a l l y  a t  u n i ty ,  g iv in g  no i n d ic a t io n  a s  to  
w hether o r  n o t  w a te r  need  a p p e a r  i n  th e  r a t e  e q u a t io n . I n  th e  p r e s e n t  
s tu d y , th e  w a te r  a c t i v i t y  rem ained  e s s e n t i a l l y  c o n s ta n t  d u r in g  each  
in d iv id u a l  ru n , p e r m i t t in g  each  ru n  to  be  t r e a t e d  by  th e  f i r s t - o r d e r  
r a t e  law  (E q u a tio n  2)* However, o v e r o u r  s e r i e s  o f  ru n s  w ith  v a r io u s  
HCIO^ c o n c e n tr a t io n s ,  th e  w a te r  c o n c e n tr a t io n ,  and ih u s  a c t i v i t y ,  v a r ie d  
g r e a t ly .  Our d a ta  th e n  p ro v id e  a  b a s i s  f o r  d e te rm in in g  w h e th er ih e  r a t e  
e x p re s s io n  sh o u ld  be  f i r s t - o r d e r ,  d ep en d en t o n ly  on th e  p y ro p h o sp h a te  
c o n c e n tr a t io n  (E q u a tio n  2 ) ,  o r  sh o u ld  be  s e c o n d -o rd e r , d ep en d en t b o th  on 
th e  w a te r  and p y ro p h o sp h a te  c o n c e n tr a t io n s  (E q u a tio n  3)*
Comparing e q u a tio n s  2 and 3 , i t  i s  e v id e n t  t h a t  th e  o b se rv ed  r a t e  
c o n s ta n ts  r e p o r te d  i n  T ab le  I  m ust r e p r e s e n t  e i t h e r  th e  f i r s t - o r d e r  r a t e  
c o n s ta n t  o r  th e  p ro d u c t k 2 (H2 0 ) from  th e  s e c o n d -o rd e r  r a t e  e x p re s s io n . 
I f  t h e  l a t t e r  i s  th e  c a se  th e n  each  o b se rv ed  c o n s ta n t  can be d iv id e d  b y  
th e  w a te r  a c t i v i t y  a t  t h a t  hydrogen  io n  a c t i v i t y  i n  o r d e r  to  d e te rm in e  
ih e  se c o n d -o rd e r  r a t e  c o n s ta n t .
T ab le  I  l i s t e d  th e  o b se rv ed  r a t e  c o n s ta n ts ,  c a lc u la te d  on a  f i r s t -  
o r d e r  b a s i s  (E q u a tio n  2 ) .  T ab le  I I I  l i s t s  th e s e  r a t e  c o n s ta n ts  d iv id e d  
by  th e  c o rre sp o n d in g  w a te r  a c t i v i t i e s ,  w hich w ere i n t e r p o la t e d  from  d a ta  
o f  R obinson and B aker (1 8 ) , t o  o b ta in  th e  se c o n d -o rd e r  r a t e  c o n s ta n ts  
a p p r o p r ia te  to  e q u a t io n  3* T h is  c a l c u l a t i o n  am ounts to  n o rm a liz in g  th e  
r a t e s  to  u n i t  a c t i v i t y  f o r  w a te r .  These v a lu e s  w i l l  b e  r e f e r r e d  to  i n  
su b se q u e n t d is c u s s io n s  a s  s e c o n d -o rd e r  c o n s ta n t s .  F ig u re  3 r e p r e s e n ts  a  
p l o t  o f  th e  e x p e r im e n ta l s e c o n d -o rd e r  r a t e  c o n s ta n ts  v e rs u s  pH,
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I t  was found  t h a t  a  s e t  o f  i o n iz a t io n  and r a t e  c o n s ta n ts  c o u ld  n o t  
b e  a s s ig n e d  to  th e  in d iv id u a l  p y ro p h o sp h a te  s p e c ie s  to  f i t  e q u a tio n  1 
w ith o u t  •üie p re s e n c e  o f  th e  w a te r  a c t i v i t y  i n  th e  r a t e  e x p re s s io n . Thus 
th e  c a se  f o r  fo rm a tio n  o f  h ig h e r  a c id  p y ro p h o sp h a te  s p e c ie s  and th e  
a ss ig n m en t o f  r a t e  and i o n iz a t i o n  c o n s ta n ts  to  such  s p e c ie s  w i l l  be  
p re s e n te d  on th e  b a s i s  o f  th e  d a ta  e x p re sse d  a s  se c o n d -o rd e r  c o n s ta n t s .  
The c h o ic e  o f  r a t e  e q u a tio n  3 o v e r  e q u a tio n  2 w i l l  be  d is c u s s e d  in  
S e c tio n  B o f  t h i s  c h a p te r .
F ig u re  4  r e p r e s e n t s  a  com parison  o f  th e  e x p e r im e n ta l f i r s t - o r d e r  
and se c o n d -o rd e r  r a t e  c o n s ta n t s .
In  S e c tio n s  B, C, and D o f  t h i s  c h a p te r  o u r  c a l c u l a t i o n s  o f  th e  
io n iz a t io n  and r a t e  c o n s ta n ts  f o r  th e  in d iv id u a l  p y ro p h o sp h a te  s p e c ie s  
w i l l  b e  p r e s e n te d .  The f i r s t  s te p  i n  t h i s  p ro c e s s  was to  make an 
"ed u c a te d  g u ess"  o f  th e  a c id  io n iz a t io n  c o n s ta n ts  f o r  th e  s p e c ie s  
b e l ie v e d  to  be  p r e s e n t  i n  s i g n i f i c a n t  c o n c e n tr a t io n s  o v e r th e  pH ran g e  
s tu d ie d .  From th e s e  assum ed i o n iz a t io n  c o n s ta n ts ,  th e  abundance (mole 
f r a c t i o n )  o f  each p y ro p h o sp h a te  s p e c ie s  was c a lc u la t e d  a t  each 
e x p e r im e n ta l a c i d i t y .  Each s p e c ie s  was th e n  a s s ig n e d  a r a t e  c o n s ta n t  
and th e  c o n tr ib u t io n  o f  th e  s p e c ie s  to  th e  o v e r a l l  r a t e  c o n s ta n t  
c a lc u la t e d  a t  each  a c i d i t y .  The o v e r a l l  r a t e  c o n s ta n ts  so c a lc u la te d  
w ere compai'ed to  th e  e x p e r im e n ta l d a ta  and th e  in d iv id u a l  s p e c i e s ’ r a t e  
c o n s ta n ts  a d ju s te d  u n t i l  th e  b e s t  ag reem en t was o b ta in e d .
On th e  b a s i s  o f  t h i s  s e t  o f  c a l c u l a t i o n s  a  r e v is e d  s e t  o f  a c id  
i o n iz a t i o n  c o n s ta n ts  f o r  th e  in d iv id u a l  p y ro p h o sp h a te  s p e c ie s  was 
deduced  and th e  above p ro c e s s  r e p e a te d .  S u c c e ss iv e  a p p ro x im a tio n s  
c a r r i e d  o u t  i n  t h i s  way l e d  f i n a l l y  t o  a ss ig n m en t o f  io n iz a t io n  c o n s ta n ts
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TABLE I I I
EXPERIMENTAL SECOND-ORDER RATE CONSTANTS
pH
HCIO,
M o la li ty
W ater 
A c t iv i ty  
i n  HCIO,
E x p e rim e n ta l
F i r s t - o r d e r
R ate




C o n s ta n ts
+ 3 .40 .000398 1 .0 0 .000668 .000668
+ 2 .1 7 .00676 1 .0 0 .00114 .00114
+ 1 .03 .0933 .997 .00512 .00513
+ 0 .60 .393 .987 .0140 ,0142
+ 0 .37 .550 .981 .0361 .0368
+ 0 .0 8 1 .0 0 .964 .122 .126
+ 0 .02 1 .1 2 .958 .169 .176
-0 .1 5 1 .5 5 .940 .246 .262
-0 .3 9 2 .180 .909 .416 .453
—0 ,4 6 2 .4 2 .898 .500 .556
- 0 .5 6 2 .7 2 .830 .568 .650
- 0 .6 4 3 .0 0 .862 .683 .792
- 0 .7 4 3 .3 5 .840 .817 .973
-0 .8 1 3 .6 0 .823 1 .03 1 .2 6
-0 .9 2 3 .9 8 .793 1 .15 1 .45
-0 .9 9 4 .2 4 .780 1 .2 5 1 .6 1
-1 .0 9 4 .6 0 .751 1 .4 1 1 .8 8
-1 .2 5 5 .23 .700 1 .99 2 .83
-1 .4 2 5 .90 .648 2 .7 1 4 .2 6
-1 .6 6 6 .7 8 .570 3 .3 9 5.95
-1 .7 4 7 .0 8 .547 3 .8 8 7 .0 9
-1 .9 7 7 .9 5 .466 4 .7 1 1 0 .1
-2 .5 2 10 .10 .307 8 .5 2 2 7 .8
-2 .7 6 11 .02 .254 1 0 .9 4 4 .5
-3 .1 6 12 .60 .176 1 4 .8 8 3 .9
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and r a t e  c o n s ta n ts  c o n s i s t e n t  w ith  o u t  d a ta .
B , CALCUUTIONS WITH H P 0 + SPECIES
^ f
I t  h a s  bemi r e p o r te d  i n  th e  l i t e r a t u r e  (16 ) t h a t  an  H P 0 s p e c ie s
D ^ {
form s a s  th e  hydrogen  io n  a c t i v i t y  o f  a  pyropho sp h a te  s o lu t io n  i s
in c r e a s e d .  In  th e  pH ran g e  co v ered  by O s te rh e ld , a d d i t io n  o f  t h i s  one
s p e c ie s  to  th e  u s u a l  p y ro p h o sp h a te  s p e c ie s  was s u f f i c i e n t  to  f i t  h i s
d a ta .  The p u rp o se  o f  t h i s  s e c t io n  i s  to  show t h a t  th e  n o rm a liz e d  o r
se c o n d -o rd e r  d a ta  o v e r  o u r w id e r  pH ra n g e  c a n n o t be  f i t  w ith  th e
a d d i t io n  o f  t h i s  one form  a lo n e .  Throughout t h i s  and su b seq u e n t
d is c u s s io n s  th e  i o n iz a t i o n  c o n s ta n ts  d e te rm in ed  by  O s te rh e ld  f o r  H, P„0„,4  2 7
H^PgOr,", HgPgOyT^, and HP^O^"^ s p e c ie s  w i l l  b e  assum ed (se e  T ab le  I ) .
The com parisons o f  c a l c u l a t i o n s  w ith  d a ta  w i l l  be  p re s e n te d  g r a p h ic a l ly  
f o r  maximum c l a r i t y .
A ssignm ent o f  10^ a s  th e  i o n iz a t io n  c o n s ta n t  o f  th e  H^PgOr,'^ io n  
and c h o ic e  o f  r a t e  c o n s ta n ts  to  ap p ro x im ate  a  f i t  to  th e  d a ta  p ro d u ce  a 
c u rv e  (F ig u re  5 ) d i f f e r i n g  from  th e  se c o n d -o rd e r  d a ta  i n  two r e s p e c t s :  
( l )  a  s te p p e d  re g io n  i n  th e  pH ran g e  + 0 .2  to  - 0 .3 ,  c ro s s in g  o v e r  th e  
n o rm a liz e d  c u rv e  and (2 ) a  l e v e l in g  o f f  above pH - 2 .8  w hereas t h e  
e x p e r im e n ta l c u rv e  c o n tin u e s  to  r i s e  r a p i d l y .  T h is  l e v e l in g  o f f  o f  th e  
c a lc u la t e d  cu rv e  a s  th e  hydrogen  io n  a c t i v i t y  i s  in c r e a s e d  r e s u l t s  from  
th e  f a c t  t h a t  th e  m ole f r a c t i o n  o f  H^PgOy* ap p ro ach es  a  maximum around  
pH o f  - 2 .8  (se e  F ig u re  6 ) ,  A s m a lle r  i o n iz a t i o n  c o n s ta n t  f o r  H^P^O^"*" 
c a u se s  th e  c a lc u la t e d  cu rv e  to  f a l l  o f f  e a r l i e r  in  th e  h ig h ly  a c id  ; 
r e g io n .  I n c r e a s in g  th e  i o n iz a t i o n  c o n s ta n t  o f  H^PgOy"^ e . g .  t o  1 0 ^ , 
c a u se s  th e  m ole f r a c t i o n  o f  H^PgOy* to  c o n tin u e  to  in c r e a s e  i n to  a  m ore
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
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a c id  ra n g e . I n  t h i s  c a s e , how ever, th e  m ole f r a c t i o n  i s  d e c re a s e d  in  
th e  pH ra n g e  + 0 ,2  to  - 0 ,3  w here i t s  c o n t r ib u t io n  i s  n e c e s s a ry  to  th e  
o v e r a l l  r a t e .  A gain a s s ig n in g  r a t e  c o n s ta n ts  to  a p p ro x im ate  a  f i t  to  
th e  d a t a ,  th e  c a lc u la t e d  c u rv e  i s  found  to  be  im proved in  th e  h ig h ly  
a c id  r e g io n ,  b u t  h i s  change in c r e a s e s  th e  w id th  o f  th e  s te p  a round  ph 
0 ,0  a s  th e  H^^P^Or, s p e c ie s  m ust c o n tr ib u te  more and more o v e r  a  lo n g e r  
pH i n t e r v a l .  I t  i s  im p o s s ib le  to  choose  r a t e  and io n iz a t io n  c o n s ta n ts  
f o r  th e  common p y rophospha t e  s p e c ie s  p lu s  H P 0 t h a t  w i l l  l e a d  to  a
5 2 7
c a lc u la t e d  r a t e  c o n s ta n t  c u rv e  t h a t  b o th  r i s e s  a s  r e q u ir e d  i n  th e  h ig h ly  
a c id  re g io n  and d o es  n o t  have  a  s te p  a s  shown a round  ph 0 . 0 .
C. CALCÜIATIOHS WITH H^PgO^+  ̂ SPECIES 
F ig u re s  7 -12  show th e  r e s u l t s  o f  a t te m p tin g  to  f i t  th e  s e c o n d -o rd e r  
d a ta  w ith  th e  a d d i t io n  o f  an  H^PgOy"*"  ̂ s p e c ie s .
From F ig u re  8 i t  i s  e v id e n t  t h a t  a s  th e  i o n iz a t i o n  c o n s ta n t  o f  th e  
HgP^Oy'*’̂  s p e c ie s  i s  in c r e a s e d  k eep in g  th e  H^PgOy^ io n iz a t io n  c o n s ta n t  a t  
1 0 ^ , th e  H^PgOy*^ c o n c e n tr a t io n  d e c re a s e s  o v e r  th e  hydrogen io n  ran g e  
s tu d ie d  b u t  r i s e s  more s t e a d i l y  i n t o  th e  h ig h ly  a c id  r e g io n .  From 
F ig u re  7 i t  can  be  seen  t h a t  th e  h ig h e r  th e  H^P^O^"^^ i o n iz a t io n  c o n s ta n t  
th e  l e s s  l e v e l in g  o f f  o f  th e  c a lc u la te d  c u rv e  i n  th e  h ig h ly  a c id  r e g io n s .  
However, th e n  th e  c o n t r ib u t io n  to  th e  r a t e  i n  th e  m id d le  p o r t io n  o f  th e  
ra n g e  i s  n o t g r e a t  enough to  f i t  th e  d a ta .  On th e  o th e r  h an d , re d u c in g  
idle i o n iz a t io n  c o n s ta n t  f o r  H^P^O^+Z s e rv e s  to  in c r e a s e  th e  m ole f r a c t i o n  
o f  H^P^O^+Z so g r e a t ly  t h a t  a  sm a ll r a t e  c o n s ta n t  m ust be  a p p l ie d  and  a s  
th e  H^PgOy"*"  ̂ r e a c h e s  maximum c o n c e n tr a t io n  i n  th e  h ig h e s t  a c id  r e g io n s ,  
th e  c a lc u la te d  cu rv e  a s y m to t ic a l ly  ap p ro a ch e s  a  maximum h e ig h t ,  w h ile
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t h e  e scp e rirao ita l c u rv e  i s  s t i l l  r i s i n g .
F ig u re s  9 and 10 show th e  e f f e c t s  o f  in c r e a s in g  th e  
i o n i z a t i o n  c o n s ta n t  to  10^ w i th  th e  i o n iz a t io n  c o n s ta n t  v a lu e s
from  10^ to  1 0 ^ , W ith an  i o n i z a t i o n  c o n s ta n t  o f  10^ f o r  th e
r a t e  c u rv e  l e v e l s  o f f  i n  th e  more a c id  r e g io n s  w here maximum
6 2 7
c o n c e n tr a t io n s  a r e  ap p ro a ch e d . I n c r e a s in g  th e  i o n iz a t io n  c o n s ta n t  f o r  
im proves th e  c a l c u l a t e d  cu rv e  g r e a t ly  i n  th e  h ig h ly  a c id
r e g io n .  However, i n  th e  pH ra n g e  + 0 .2  to  - 0 .6  w here th e  q u a n t i ty  o f
H^P^O^ h a s  re a c h e d  a  maximum and th e  HyP^O^*^ s p e c ie s  i s  n o t  coming in  
r a p id ly  enough, a re g io n  w ith  i n s u f f i c i e n t  s lo p e  in  th e  c a lc u la t e d  
c u rv e s  i s  o b se rv e d . I n c r e a s in g  th e  H^PgO^+^ io n iz a t io n  c o n s ta n t  do es 
n o t  remove t h i s  s te p  from  th e  c a lc u la t e d  c u rv e . S in ce  th e  r a t e  c o n s ta n t  
f o r  th e  H P O  + s p e c ie s  i s  c r i t i c a l  i n  th e  lo w er re g io n s  o f  th e  c u rv e ,
J  ̂ I
any a tte irq st t o  a d j u s t  i t  t o  a llo w  a f i t  i n  th e  pH i n t e r v a l  + 0 .2  to  - 0 .6  
w ould o n ly  make th e  f i t  w orse  i n  th e  low  hydrogen io n  a c t i v i t y  r e g io n .  
F ig u re s  11 and 12  show th e  e f f e c t  o f  in c r e a s in g  th e  H P 0
5 2 7
i o n iz a t io n  c o n s ta n t  to  10-^ and  in c r e a s in g  th e  H^P^O^'^^ a c c o rd in g ly .  A 
s te p p e d  shape i n  th e  pH ra n g e  +O. 5  to  -O . 3  i s  a g a in  o b se rv ed  due to  a 
maximum o f  th e  H^^P^Oy s p e c ie s  o v e r  t h i s  ra n g e  w ith o u t  a  r a p id  in c r e a s e  
i n  th e  H P 0 s p e c ie s .  As th e  H P 0 s p e c ie s  b e g in s  t o  make s i g n i f i -
5 2 7  5 2 7
c a n t  c o n t r ib u t io n  t o  th e  r a t e ,  th e  s lo p e  o f  th e  c u rv e  r i s e s  s h a r p ly .
The e x p e r im e n ta l  c u rv e  c a n n o t be  f i t  b y  th e  a ssu m p tio n  o f  th e  u s u a l  
p y ro p h o sp h a te  s p e c ie s  p lu s  H^PgOy* and  % F2^7 b e ca u se  o f  two con­
f l i c t i n g  r e q u ire m e n ts :  (1 ) th e  i o n iz a t io n  c o n s ta n ts  o f  and
I ^ 3
H^P^O^ m ust b e  a t  l e a s t  a b o u t 10 and 10 , r e s p e c t iv e ly ,  t o  p ro v id e  a
s te a d y  c o n s e c u tiv e  in c r e a s e  i n  c o n c e n tr a t io n  o f  th e s e  s p e c ie s  i n t o  th e
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h ig h ly  a c id  re g io n  to  a v o id  a  c u rv a tu re  o f  th e  c a lc u la t e d  c u rv e , and
(2 ) th e  i o n iz a t i o n  c o n s ta n ts  o f  H P 0 + and H,P 0 c a n n o t be  g r e a t e r
5 2 7 6 2 7
th a n  a b o u t 10 and 10 , r e s p e c t iv e ly ,  i f  a  s te p  i n  th e  cu rve  i s  to  be 
av o id ed  b e c a u se  o f  s i z a b l e  d i f f e r e n c e s  i n  i o n iz a t i o n  c o n s ta n ts  betw een 
s u c c e s s iv e  s p e c ie s .  F ig u re s  7 , 9 and 11 i l l u s t r a t e  th e s e  p o i n t s ,
D. CALCULATIONS WITH SPECIES
The r e s u l t s  o f  th e  c a l c u l a t i o n s  d e s c r ib e d  i n  th e  p re v io u s  s e c t io n  
su g g e s te d  th e  in t r o d u c t io n  o f  a n o th e r  s p e c ie s  o r  f u r t h e r  hydronium  io n -  
p y ro p h o sp h a te  i n t e r a c t i o n  i n  o rd e r  to  a llo w  more r a t e  c o n tr ib u t io n  in  
th e  h ig h e r  a c id  r e g io n s .  F ig u re s  13-18  r e p r e s e n t  th e  in t r o d u c t io n  o f  a 
se v e n th  i n t e r a c t i o n  w hich f o r  m a th em a tica l i n t e r p e t a t i o n  o f  th e  d a ta  i s  
r e f e r r e d  to  a s  an HyP20y^^ s p e c ie s .  W ith th e  a d d i t io n  o f  t h i s  s p e c ie s  
a  s e t  o f  io n iz a t io n  c o n s ta n t  v a lu e s  c o u ld  be  chosen w hich gave an  
ap p ro x im ate  f i t  t o  th e  se c o n d -o rd e r  e x p e r im e n ta l d a ta  w ith  s u i t a b l e  r a t e  
c o n s ta n t s .
The io n iz a t i o n  c o n s ta n ts  f o r  th e  and s p e c ie s  i n
6 2 7 0 ^ (
F ig u re s  13 and 14 w ere s e t  a t  10^ and o n ly  th e  HyP^Oy"*"  ̂ v a lu e  v a r i e d .
W ith in c r e a s in g  H^P^Oy "*"3 i o n iz a t i o n  c o n s ta n ts ,  th e  m ole f r a c t i o n  o f
I^PgOy'^3 i s  d e c re a se d  w h ile  t h a t  o f  th e  H^PgOy*^ i s  in c re a s e d  a t  each
a c i d i t y .  By a ss ig n m en t o f  n e a r ly  th e  same r a t e  c o n s ta n ts  to  th e  H^P^Oy"*’
and H P 0 and th e  H P O +3 r a t e  c o n s ta n t  governed  by i t s  mole f r a c t i o n  
6 2 7 7 2 f
i n  th e  upperm ost r e g io n s ,  a  c lo s e r  app roach  to  th e  e x p e r im e n ta l c u rv e  i s
o b se rv e d . From t h i s  s e t  o f  c a l c u l a t i o n s  th e  v a lu e  o f  2 ,5  x  10^ was
chosen  a s  an  ap p ro x im ate  i o n i z a t i o n  c o n s ta n t  f o r  HyP^Oy"*" .̂
F ig u re s  15 and l 6  show th e  r e s u l t s  o f  f i x in g  th e  HyP^Oy"*"  ̂ and H^PgOy"^
3 1i o n i z a t i o n  c o n s ta n ts  a t  2 ,5  x  10 and 1 .0  x  10 r e s p e c t iv e ly ,  b u t
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in c r e a s in g  th e  H,P_0 c o n s ta n t  from  1 ,0  x  10^ to  1 .0  x  1 0 ^ , T h is0 2 /
d e c re a s e d  th e  m ole f r a c t i o n  in  th e  h ig h e r  a c id  r e g io n s  and  th e
m ole f r a c t i o n  p eak  o f  was c o n se q u e n tly  in c r e a s e d  m aking a  g r e a te r
r a t e  c o n t r ib u t io n  i n  th e  h ig h e r  a c id  r e g io n s .  To m a in ta in  th e  f i t  i n  
th e  lo w er p o r t io n  o f  th e  c u rv e , w here th e  s p e c ie s  m ust c o n t r i ­
b u te  a l s o ,  a  l a r g e r  H^PgOy r a t e  c o n s ta n t  had  to  be  a p p lie d  w ith  th e
in c r e a s e d  i o n iz a t i o n  c o n s ta n t .  T h is  i n  tu r n  gave to o  l a r g e  r a t e  
c o n t r ib u t io n s  i n  th e  u p p e r r e g io n s ,  moving th e  c a lc u la te d  cu rve  f u r t h e r  
above th e  e x p e r im e n ta l c u rv e . Change i n  th e  HyP20y+3 r a t e  c o n s ta n t  
c an n o t s e rv e  to  re d u c e  th e  o v e r a l l  r a t e s  i n  t h i s  re g io n  s in c e  i t s  v a lu e  
i s  governed  i n  t u r n  by th e  upperm ost hydrogen  io n  a c t i v i t y  v a lu e s ,  
t h e r e f o r e ,  a s  was su g g e s te d  by F ig u re  7» th e  i o n iz a t io n  c o n s ta n ts  o f  
th e  H^P^Oy"^^ and H^P^Oy"*" s p e c ie s  m ust be  r e l a t i v e l y  c lo s e  and o f  th e  
o rd e r  o f  10 ^ .
F ig u re s  17 and 18 show t h e  r e s u l t s  o f  an a tte m p t made to  p ro v id e  a  
f i t  i n  th e  c r i t i c a l  pH ra n g e  + 0 ,5  to  - 0 .6  i n  w hich a g ra d u a l change i n  
s lo p e  o c c u r s .  F u r th e r  a d ju s tm e n t o f  th e  i o n iz a t io n  and r a t e  c o n s ta n ts  
f o r  th e  H^PgOy'^, H^P^Oy"** ,̂ and HyP^Oy"*"  ̂ s p e c ie s  g e n e r a l ly  made c o n d it io n s  
w orse  i n  v a r io u s  r e g io n s  o f  th e  c u rv e . I n  o rd e r  to  c o n tin u e  th e  s te e p  
r i s e  i n  th e  s lo p e  o f  th e  c u rv e  and n o t  a p p re c ia b ly  a f f e c t  th e  lo w e s t  
p a r t ,  th e  i o n iz a t io n  c o n s ta n ts  f o r  H^^P^Oy and H^P^Oy" w ere r a i s e d ,  gy 
lo w e rin g  th e  m ole f r a c t i o n  c o n t r ib u t io n  o f  th e s e  s p e c ie s  c o n s id e ra b ly  
and p la c in g  more r a t e  im portance  on th e  H^P^Oy” and HgF^Oy"^ s p e c ie s  i n  
th e  lo w e s t  a c id  r e g io n s ,  a  l a r g e r  r a t e  c o n s ta n t  c o u ld  be  a p p lie d  to  th e
H P OL^ s p e c ie s  th e re b y  r a i s i n g  th e  r a t e  i n  th e  c r i t i c a l  re g io n  w here so
j  ^ 7
much em phasis m ust b e  p la c e d  on t h i s  one io n .  T hese changes m arked ly
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IONIZATION CONSTANTS 
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im proved th e  ag reem en t betw een  th e  c a lc u la t e d  and e x p e r im e n ta l c u rv e s . 
F u r th e r  s l i g h t  a d ju s tm e n ts  im proved th e  ag reem en t. T ab le  IV l i s t s  th e  
i o n i z a t i o n  c o n s ta n ts  and r a t e  c o n s ta n ts  f i n a l l y  a s s ig n e d  to  th e s e  
s p e c ie s .
F ig u re  19 i s  a  r e p r e s e n ta t io n  by a  s o l id  l i n e  o f  th e  r a t e  v e rs u s  pH 
cu rv e  c a lc u la t e d  from  th e  f i n a l  c o n s ta n ts  i n  T ab le  IV w ith  th e  e x p e r i ­
m en ta l p o in t s  shown f o r  com parison . T ab le  V l i s t s  th e  m ole f r a c t i o n  o f  
each  s p e c ie s  a t  each  pH s tu d ie d  and T ab le  VI l i s t s  th e  ap p ro x im ate  p e r  
c e n t  c o n t r ib u t io n  to  th e  r a t e  by  each  o f  th e s e  s p e c ie s  a t  each  hydrogen 
io n  a c t i v i t y .  T ab le  V II i s  a  summary o f  th e  e x p e rim e n ta l s e c o n d -o rd e r  
r a t e  c o n s ta n ts  and th e  v a lu e s  c a lc u la t e d  from  th e  r a t e  and io n iz a t io n  
c o n s ta n ts  o f  T ab le  IV , B ecause o f  th e  low  p r e c i s io n  o f  pH m easurem ents, 
l i m i t a t i o n s  a r e  p la c e d  upon th e  a c c u ra c y  o f  th e  io n iz a t io n  and r a t e  
c o n s ta n ts  sh o rn  in  T ab le  IV . These v a lu e s ,  g iv en  to  two s i g n i f i c a n t  
f i g u r e s ,  a llo w ed  th e  c l o s e s t  ag reem en t betw een o b se rv ed  and c a lc u la te d  
r a t e s  shown in  T able  V II.
E . EVIDENCE FOR RATE DEPENDENCE ON WATER ACTIVITY
F ig u re s  5 th ro u g h  18 , u se d  to  i l l u s t r a t e  th e  m ethod o f  c a lc u la t in g  
r a t e  and io n iz a t io n  c o n s ta n ts  f o r  th e  in d iv id u a l  s p e c ie s ,  can a ls o  be 
u sed  to  show th e  n e c e s s i ty  o f  in c o r p o r a t in g  w a te r  i n to  th e  r a t e  
e x p re s s io n , m aking th e  h y d r o ly s i s  o f  p y ro p h o sp h a te s  a  se c o n d -o rd e r  
ch em ica l r e a c t io n .
Up to  a  pH o f  - 0 ,3  th e  w a te r  a c t i v i t y  i n  o u r  s o lu t io n s  rem a in s  h ig h  
enough so t h a t  th e  f i r s t - o r d e r  and se c o n d -o rd e r  r a t e  c o n s ta n ts  do n o t  
d i f f e r  a  g r e a t  d e a l .  Beyond t h i s  p o i n t ,  a s  shown in  F ig u re  4 , th e  two 
c u rv e s  d iv e rg e  r a p id ly .
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TABLE IV
IONIZATION AND RATE CONSTANTS FOR CALCULATED
CURVE
S p e c ie s I o n iz a t io n
C o n s ta n ts
R ate
C o n s ta n ts
2 .5 x103 230
1 . 6x l 0l 3 .1
1 . 3x10^ 3 .1
8 . 0x1 0 “"̂ 0 .030
6 . 0x1 0 -2 0.0030
2 .5 x 1 0 -6 0,00066
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0 -  0
pH
F i p u r e  1 9 .  C a l c u l a t e d  c u r v e  w i t h  e x r e r l ’̂ e n t a l  p o i n t s
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TABLE V 
MOLE FRACTIONS OF SPECIES
pH
V 2 ° 7
+ 3 .40 4x10“^ .007 .993
+2 .17 8x10- f .002 .118 .880
+ 1 .03 5x10-4' .066 .568 .366
+ 0.60
Ix lO "*
.003 .197 ,648 .153
+ 0.37 ,009 .315 .592 .084
3x10-4-+ 0 ,08 .002 .032 .490 ,476
+ 0 .02 .003 .038 .523 .436
- 0 .1 5 .006 .067 .596 .330
-0 .3 9 .020 .121 .647 .212
-0 ,4 6 ,026 .144 .649 .180
-0 .5 6 .038 .175 .642 .145
-0 ,6 4 .056 .207 .621 .117
-0 .7 4
2X10-J*'
.0 8 3 .245 .583 ,089
-0 .8 1 .3 08 .270 .549 .073
-0 .9 2 .160 .308 .485 .047
-0 .9 9 .200 .328 .437 .035
-1 .0 9 .001 .263 .344 .367 .0 2 4
-1 ,2 5 .003 .386 .346 .2 5 4 .011
-1 .4 2 .005 .517 .317 .158 .004
-1 .6 6 .012 .680 .240 .068 9x10-4-
-1 .7 4 .016 .722 .211 .051
-1 .9 7 .031 .812 ,138 .019
- 2 .5 2 .1 1 1 .846 .041 .002
- 2 .7 6 .183 .795 .021 .001
-3 .1 6 ,364 .628 .007 5x10-4'
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TABLE VI 
PERCENT CONTRIBUTION OF SPECIES
pH H6P2O7+2 H5P2O7+1 H3P207-1 H2P2®'
+ 3 .40 0 0 0 0 2 98
+ 2.17 0 0 2 6 30 62
+ 1 .03 0 0 26 40 34 2
+0 .6 0 0 0 53 35 12 0
+ 0 .37 0 0 70 25 4 0
+ 0 .08 0 5 80 15 0 0
+ 0 .02 0 7 80 12 0 0
-0 .1 5 0 10 80 10 0 0
-0 .3 9 0 13 80 7 0 0
-0 .4 6 0 17 80 3 0 0
-0 .5 6 0 20 78 2 0 0
-0 .6 4 0 23 75 1 0 0
-0 .7 4 1 27 72 0 0 0
-0 .8 1 3 29 68 0 0 0
- 0 .9 2 6 33 61 0 0 0
-0 .9 9 9 36 55 0 0 0
-1 .0 9 13 39 50 0 0 0
-1 .2 5 30 62 32 0 0 0
-1 .4 2 34 42 24 0 0 0
-1 .6 6 52 36 12 0 0 0
-1 .7 4 56 33 11 0 0 0
-1 .9 7 72 25 3 0 0 0
- 2 .5 2 89 11 1 0 0 0
-2 .7 6 94 6 0 0 0 0
-3 .1 6 98 2 0 0 0 0
-2




CALCULATED FROM EXPERIMENTAL RATE CONSTANTS
pH C a lc u la te d
R a te s
E x p erim en ta l
R a te s
P e rc e n t
D e v ia tio n
+ 3 .40 .000674 .000668 + 0 .9
+2 .1 7 .00104 .00114 -8 .0
+1 .0 3 .00520 .00513 + 1 .0
+0 .6 0 .0169 .0142 +1 9 .0
+0 .3 7 .0381 .0368 +3 .0
+ 0.08 .122 .126 - 3 .0
+ 0 .02 .150 .176 -1 4 .0
-0 .1 5 .245 .262 -6 .0
-0 ,3 9 .453 .453 0 .0
-0 .4 6 .547 .556 -2 .0
- 0 ,5 6 .679 .650 + 4,0
-0 .6 4 .812 .792 +3 .0
- 0 .7 4 1 .0 3 .973 +6.0
-0 .8 1 1 .2 3 1 .2 6 -2 .0
- 0 .9 2 1..53 1 .4 5 + 6.0
-0 .9 9 1 .6 9 1 .6 1 +5 .0
-1 .0 9 2 .0 6 1 .8 8 + 9 .0
- 1 .2 5 2 .9 1 2 .8 3 +2 .0
- a . 42 3 .7 4 4 .2 6 -1 2 .0
-1 ,6 6 5 .6 2 5 .9 5 - 5 .0
- 1 .7 4 6 ,6 4 7 .0 9 -4 .0
-1 .9 7 1 0 .1 1 0 ,1 0 .0
- 2 .5 2 2 8 .3 2 7 .8 + 2 .0
- 2 .7 6 4 4 ,5 4 4 .5 0 .0
-3 .1 6 8 5 .7 8 3 .9 + 2 .0
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The s.artie a rgum en ts w hich  a p p l ie d  to  F ig u re  5 f o r  n o t  f i t t i n g  th e  
se c o n d -o rd e r  d a ta  i^rith th e  u s e  o f  th e  s p e c ie s  a lo n e  o b v io u s ly
a p p ly  h e re  and need  n o t  b e  d is c u s s e d  f u r t h e r .
From F ig u re s  7» 9» and U  i t  can be  shoim t h a t  a  f i t  to  th e  f i r s t -  
o rd e r  d a ta  co u ld  n o t  b e  made. The same d i f f i c u l t i e s  a r e  e n co u n te re d  
h e re  a s  w ere e n c o u n te re d  in  a t te m p tin g  to  p rov i.de  a f i t  to  th e  seco n d - 
o r d e r  d a ta .  Ttie m ajo r d i f f i c u l t y  b e in g  t h a t  th e  H^P20y"*’ s p e c ie s  
c o n t r ib u te s  so g r e a t ly  to  th e  r a t e  in  th e  lo w er re g io n s  t h a t  n o t  enough 
em phasis can  be  p la c e d  on i t  i n  th e  pH ran g e  + 0 ,2  to  -O .3 . R ed u c tio n  o f  
th e  i o n iz a t io n  c o n s ta n t  aga,in o n ly  s e rv e s  to  cause  i t s  mole
f r a c t i o n  to  app roach  a  v a lu e  o f  1 w i th in  th e  a c id  ra n g e  c o n s id e re d , 
c a u s in g  th e  c u rv e  to  l e v e l  o f f  p re m a tu re ly .
A ttem p ts  to  f i t  th e  o b se rv ed  d a ta  by  in tro d u c in g  a  se v en th  i n t e r ­
a c t io n  a ls o  f a i l e d .  From F ig u re s  1? and 18 one m igh t su s p e c t  t h a t  th e
f i r s t - o r d e r  d a ta  c o u ld  b e  f i t  w ith  a  r e d u c t io n  in  th e  H P„0^‘*’̂ r a t e7 2 ?
c o n s ta n t .  T h is s p e c ie s ,  how ever, o n ly  s e rv e s  to  red u c e  th e  H^P^O^
m ole f r a c t i o n  in  th e  h ig h e s t  a c id  r e g io n s  and th u s  p re v e n t  th e  cu rve
from  r a p id ly  l e v e l i n g  o f f .  does n o t  c o n t r ib u te  s i g n i f i c a n t l y
to  th e  o v e r a l l  r a t e  u n t i l  a  pH o f  - I .0 9  i s  a t t a i n e d .  By t h i s  p o in t ,
how ever, th e  o v e r a l l  c a lc u la te d  r a t e  exceeds th e  f i r s t - o r d e r  d a ta ,
+2One c o u ld  su g g e s t a  lo w e rin g  o f  th e  H^P^Oy r a t e  c o n s ta n t .  However,
I O
to  o b ta in  a  f i t  i n  t h i s  way th e  H^P^O^ r a t e  c o n s ta n t  would have to  be 
made l e s s  th a n  t h a t  a s s ig n e d  to  th e  H^P^O^ s p e c ie s ,  w hich i n  tu r n  i s  
c r i t i c a l l y  governed by i t s  c o n t r ib u t io n  in  th e  pH ran g e  + 0 .6  to  -0 .4 ^  
T here  h a s  been  v e ry  l i t t l e ,  i f  an y , e v id e n c e  e v e r  p r e s e n te d  f o r  h av in g
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e i t h e r  th e  r a t e  o r  i o n iz a t io n  c o n s ta n t  v a lu e s  f o r  in c r e a s in g  o rd e r s  o f  
a c id  s p e c ie s  d i f f e r i n g  in  an  u n sy s te m a tic  sequence .
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CHAPTER V 
DISCUSSION OF RESULTS
E vidence  h as  been  o b ta in e d  i n  o u r r e s e a rc h  t h a t  th e  h y d ro ly s is  o f  
p y ro p h o sp h a te s  can be t r e a t e d  k i n e t i c a l l y  a s  a  f i r s t - o r d e r  p ro c e s s  a s  
lo n g  a s  th e  w a te r  c o n c e n tr a t io n  i s  c o n s ta n t .  We have shoim t h i s  i s  t r u e  
a t  f a r  h ig h e r  a c i d i t i e s  th a n  have p r e v io u s ly  been  s tu d ie d .  A t each 
hydrogen  io n  a c t i v i t y  a  s t r a i g h t  l i n e  p l o t  o f  lo g  M v e rs u s  tim e  was 
o b ta in e d .
We have shown f u r t h e r  t h a t  th e  r e v e r s io n  o f  p y ro p h o sp h a tes  i s  t r u l y  
a s e c o n d -o rd e r  p ro c e s s  s in c e ,  a s  was shown in  S e c tio n  IVE, th e  e x p e r i ­
m en ta l f i r s t  o rd e r  r a t e  c o n s ta n ts  co u ld  n o t  be  rep ro d u ced  w ith  a ss ig n m en t 
o f  i o n i z a t i o n  and  r a t e  c o n s ta n ts  to  s p e c ie s  a s  complex a s  H P O *^ w h ile
i ^  I
a  f i t  f o r  th e  se c o n d -o rd e r  d a ta  co u ld  be r e a l i z e d .  R e tu rn in g  to  
e q u a tio n  3> w hich was su g g e s te d  e a r l i e r ,  one c o u ld  conclude  from  th e  
r e s u l t s  o b ta in e d  t h a t  th e  r a t e  e q u a tio n  f o r  th e  r e a c t io n  s tu d ie d  i s  o f  
th e  form  - d c / d t  = (H^O)
The se c o n d -o rd e r  v e lo c i ty  c o n s ta n t ,  k^ , can be c a lc u la te d  u s in g  law s o f  
f i r s t - o r d e r  ch em ica l k i n e t i c s  i f  th e  w a te r  a c t i v i t y  i s  u n i ty .  T h is 
r e a c t i o n ,  th e n , i s  pseudo f i r s t - o r d e r  a t  c o n s ta n t  w a te r  a c t i v i t y .
I t  was shown t h a t  a  f i t  t o  th e  d a ta  c o u ld  n o t  b e  o b ta in e d  in  b o th  
th e  lo w e s t  a c id  r e g io n s  and in  th e  c r i t i c a l  m iddle  p o r t io n  from  pH + 0 .6  
to  - 0 .^  w ith o u t  th e  c o n t r ib u t io n  from  s e v e r a l  s p e c ie s  w ith  c lo s e ly  
a l ig n e d  r a t e  and io n iz a t i o n  c o n s ta n ts .  The w a te r  a c t i v i t y  rem a in s  n e a r  
1 th ro u g h o u t t h i s  ra n g e ; t h e r e f o r e ,  s e c o n d -o rd e r  and f i r s t - o r d e r
46
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
47
c o n s ta n ts  do n o t  d i f f e r  to  any g r e a t  e x te n t .  W ith th e  l a r g e  number o f
I p
s p e c ie s  ( t h r o u ^  ) r e q u ir e d  to  f i t  t h i s  c r i t i c a l  ran g e  and so
much dependence f o r  r a t e  c o n t r ib u t io n  b e in g  p la c e d  on th e
s p e c ie s ,  i t s  r a t e  c o n s ta n t  b e in g  e s s e n t i a l l y  f ix e d  by th e  o v e r a l l
+2c o n s ta n t ,  th e  s p e c ie s  w hich m ust a ls o  c o n tr ib u te  to  th e  r a t e
i n  t h i s  r e g io n  i s  f ix e d  by  t h a t  v a lu e  g iven  to  th e  H P O ^  s p e c ie s ;  any
g r e a t e r  v a lu e  w ould b e g in  to  exceed even th e  se c o n d -o rd e r  d a ta .  Above a
pH o f  0 .4 0  th e  c a lc u la te d  v a lu e s  r a p id ly  began to  exceed th e  f i r s t - o r d e r
b u t  s t i l l  a llo w ed  a  f i t  to  th e  se c o n d -o rd e r  c o n s ta n ts ,  th u s  th e  i n t r o -
+3d u c tio n  o f  an HyP^O^ s p e c ie s  to  c o n tin u e  th e  s te a d y  r i s e  in  th e  cu rve  
was m andato ry .
We a r e  n o t  p re p a re d  t o  s t a t e  t h a t  an a c tu a l  H y p 2 ^ 7 e x i s t s ,
n e v e r th e le s s ,  a  ff^-H^PgO^ i n t e r a c t i o n  i s  r e q u ir e d  which can, be
+3e x p re s se d  i n  te rm s o f  an  H^P^Oy s p e c ie s  o r  i n  term s o f  a th i r d - o r d e r  
r e a c t io n  :
- d c /d t  = (HgO) (H^P^Oy+Z) (H+)
These p o s s i b i l i t i e s  a r e  m a th e m a tic a lly  in d i s t in q u i s h a b le .  The p o s tu l a -
I O
t i o n  o f  an  H P 0 s p e c ie s  i s  th e  m ost c o n v e n ie n t e x p re s s io n  o f  t h i s
7 2 7
i n t e r a c t i o n .  E q u a tio n  1 can th u s  be r e w r i t t e n  w ith  th e  8 s p e c ie s  whose
in d iv id u a l  r a t e s  c o n t r ib u te  to  th e  o v e r a l l  r a t e .
k + k j x j  + + k x3
o v e r a l l
+ V i  + V o
By a ss ig n m e n t o f  r a t e  and io n iz a t io n  c o n s ta n ts  to  in d iv id u a l  p y ro p h o s­
p h a te  s p e c ie s  we have  f ix e d  th e  tw e lv e  p a ra m e te rs  o f  th e  f i r s t  s i x  
te rm s  o f  t h i s  e q u a t io n  to  g iv e  a  s a t i s f a c t o r y  a c c o u n tin g  f o r  th e  
e x p e r im e n ta l s e c o n d -o rd e r  r a t e  c o n s ta n ts .
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S e v e ra l d i f f e r e n t  e x p e r im e n te rs  have su g g e s te d  th e  n e c e s s i ty  f o r  
th e  fo rm a tio n  o f  an  io n  in  e x p la in in g  t h e i r  d a ta  (6 , 7 , 1 2 ) .  We
f e e l  t h i s  e v id e n c e  h e lp s  to  f u r t h e r  e s t a b l i s h  o u r s ta n d  on in tro d u c in g  
th e  more com plex p y ro p h o sp h a te  s p e c ie s .
R ecen t e v id e n ce  h a s  been  p re s e n te d  f o r  th e  r e v e r s e  r e a c t io n  o f  
p y ro p h o sp h a te  h y d r o ly s is  ta k in g  p la c e  to  a  m easu rab le  e :c te n t, o r  in  
o th e r  -words th e  re c o m b in a tio n  o f  o r th o p h o sp h a te  m o lecu le s  (8 , 9» 1 9 ) .
I f  t h i s  o c c u rre d  in  o u r  s o lu t io n s  th e n  -the m easured r a t e  c o n s ta n ts  would 
r e p r e s e n t  n e t  v a lu e s  o f  d eco m p o sitio n  o f  py ro p h o sp h a te  and fo rm a tio n  o f  
p y ro p h o sp h a te  from  o rth o p h o sp h a te  re c o m b in a tio n . One m ight th e n  j u s t i f y  
a  n e g a t iv e  r e v e r s io n  r a t e  c o n s ta n t  f o r  one o f  th e  s p e c ie s  to  c o r r e c t  f o r  
t h i s  re c o m b in a tio n  r e a c t i o n .  On -th is  a ssu m p tio n , s e v e ra l  s e t s  o f  c a lc u ­
l a t i o n s  w ere  t r i e d  w ith o u t  s u c c e s s .  A lso , from  th e s e  s tu d ie s  su g g e s tin g  
th e  re c o m b in a tio n  o f  o r th o p h o sp h a te  m o le c u le s , ev id en ce  i s  o n ly  p re s e n te d  
f o r  p y ro p h o sp h a te  fo rm a tio n  i n  c o n c e n tra te d  p h o sp h o ric  a c id  s o lu t io n s .  
C o n c e n tra t io n  o f  o r th o p h o sp h a te  i n  -the work done h e re  co u ld  n o t  exceed 
0.06M.
A com parison  o f  th e  io n iz a t io n  c o n s ta n ts  o b ta in e d  h e re  f o r  th e  
H, P -0 -  and s p e c ie s  w ith  th o s e  p re s e n te d  by o th e r  w orkers (se e
Hr 2, ( J ^ (
T ab le s  I I  and IV ) shows o u rs  to  be much l a r g e r .  One e x p la n a tio n  which
i s  o f f e r e d  f o r  t h i s  l i e s  i n  th e  f a c t  t h a t  o u r v a lu e s  m ust be some 
a v e ra g e  o f  th e  i o n i z a t i o n  c o n s ta n ts  f o r  th e s e  s p e c ie s  o v e r th e  ran g e  o f  
hydrogen  io n  a c t i v i t i e s  w here t h e i r  mole f r a c t io n s  a r e  s i g n i f i c a n t .
A lso , th e  i o n iz a t io n  c o n s ta n ts  o b ta in e d  by o th e r s  a r e  a f f e c te d  by th e
f a c t  t h a t  th e y  o v e rlo o k e d  th e  e x is te n c e  o f  h ig h ly  p ro to n a te d  s p e c ie s .
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
49
Over th e  ran g e  o f  a c i d i t é s  u sed  by u s  th e  changes i n  t o t a l  io n ic  
s t r e n g th  w ere so g r e a t  t h a t  no a tte m p t co u ld  be made to  keep th e  io n ic  
s t r e n g th  c o n s ta n t .  I t  h as  been  shoxjn, f o r  exam ple, i n  s tu d ie s  x fith  
a c e t i c  a c id  t h a t  a s  one in c r e a s e s  th e  io n ic  s t r e n g th  o f  th e  s o lu t io n  th e  
i o n iz a t i o n  i s  a f f e c t e d  due to  changes in  th e  io n ic  a c t i v i t y  c o e f f i c i e n t s .
( 8 ) .  T h e re fo re , w ith  in c r e a s in g  io n ic  s t r e n g th s ,  one would s u s p e c t  
in c r e a s e s  i n  th e  i o n iz a t i o n  c o n s ta n ts  o f  th e  p y ro p h o sp h a te  s p e c ie s .
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CHAPTER VI 
SUMMARY
R ate  d e te rm in a tio n  s tu d ie s  w ere made on th e  h y d ro ly s is  o f  p y ro p h o s­
p h a te  s p e c ie s  o v e r a w ide ra n g e  o f  hydrogen io n  a c t i v i t i e s .  I t  was 
shoi-m t h a t  a t  c o n s ta n t  w a te r  a c t i v i t y  th e  r e a c t io n  co u ld  be t r e a t e d ,  
and r a t e  c a l c u l a t i o n s  made u s in g  th e  law s o f  f i r s t - o r d e r  chem ical 
k i n e t i c s .  The r e a c t io n  i t s e l f ,  how ever, was shown to  b e  se c o n d -o rd e r  
from  c a l c u l a t i o n s  o f  i o n iz a t io n  and r a t e  c o n s ta n ts  w hich s a t i s f i e d  d a ta
n o rm a liz e d  to  u n i t  w a te r  a c t i v i t y .  To o b ta in  a  f i t  to  th e  d a ta  i t  was
*4* 4*2n e c e s s a ry  t o  p o s tu l a t e  th e  fo rm a tio n  o f  and H^P^O^ s p e c ie s  and
some ty p e  o f  se v e n th  hydronium  io n  i n t e r a c t io n  w ith  th e  p y ro p h o sp h a te  
m o le c u le .
C o n s id e r in g  f o r  conven ience  t h a t  t h i s  i n t e r a c t io n  c o n s i s t s  o f
fo rm a tio n  o f  an H P 0 io n ,  th e  p y ro p h o sp h a te  s p e c ie s ,  H P 0 +?,
7 2 7  f 2 /
" 5 ^ 2 V ’ V z ° 7 ’ " 2% " ^  39.if3°C , were
a s s ig n e d  th e  r e s p e c t iv e  i o n iz a t io n  c o n s ta n ts ,  2 .5  x  10^, 1 ,6  x  10 ,
1 .3  X 10^ , 8 .0  X 1 0 “^ ,  6 .0  X 1 0 "^ , and 2 .5  x 10“^ , and th e  r e s p e c t iv e  
s e c o n d -o rd e r  r a t e  c o n s ta n ts ,  230, 3*1» 3*1, O.O3O, 0 .0030  and 0,00066 
h r " ^ .  The r a t e  law  f o r  th e  p y ro p h o sp h a te  r e v e r s io n  i s
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